Currently, the analysis of acetone-butanol-ethanol (ABE) broths is performed using both High Performance Liquid Chromatography (HPLC) and Gas Chromatography (GC) for each sample since GC cannot be used in quantifying sugars and HPLC methods are not yet efficient enough to detect all components separately. In this study, a novel method was developed to quantify all main components present in ABE model solutions (acetone, butanol, ethanol, butyric acid, acetic acid, glucose and xylose) using only HPLC. Although the HPLC operating conditions were optimized to obtain the best possible resolution in HPLC chromatograms, it was observed that the peaks for butyric acid, acetone and ethanol overlapped. The same trend was observed for glucose and xylose. Using the asymmetric Gaussian fit, a program was written in MATLAB to detect the overlapped peaks, deconvolute them and calculate the area of each separated peak. The concentrations of each component were then calculated using the areas and the calibration curves for each component. Experimental results show that this method works well for the ABE model solutions and can be used to quantify all components in the solution when there are some overlapped peaks in the HPLC chromatograms.
Introduction
Due to environmental challenges and problems associated with fossil fuels such as depletion of resources, high cost and political instability in oil-producing countries, one of industrialists' and scientists' main concerns is to produce fuels from sustainable resources. Amongst the existing options, biofuels have attracted significant attention because their production methods are more environmentally friendly. Biofuels such as bioethanol and biobutanol have shown to be promising alternatives to fossil fuel. Butanol production via fermentation is currently the subject of intense research because it is reputed as one of the best renewable alternative biofuels to replace gasoline. Biobutanol has more favorable characteristics in comparison to other biofuels such as bioethanol. Butanol has a net heat of combustion (NHOC) close to gasoline; it is less hazardous to handle due to its lower vapor pressure and volatility, and it can be blended with gasoline in any proportion and be used in existing car engines without any modifications [1] - [9] . It is however limited by its low final concentration due to product inhibition. Acetone-butanol-ethanol (ABE) fermentation is the most studied bioproduction method to produce butanol. Clostridia species are the most common microorganisms used for this fermentation process [9] - [11] .
In ABE fermentation, a number of products are present in the fermentation broth including acetone, butanol, ethanol, acetic acid, butyric acid and sugars (glucose and xylose). To be able to characterize the fermentation process (yield, productivity and concentration of the product and each of the byproducts), precise quantification of all components is required. High performance liquid chromatography (HPLC) and gas chromatography (GC) are used to quantify the components present in ABE fermentation broths. However, the separation and quantification of all the different components in the fermentation broth have not been successfully achieved using only one of these two instruments. Using simultaneously both instruments increases the capital cost and time required to perform an analysis.
Since GC cannot be used to detect sugars in the samples, it is required to use HPLC or other techniques when the solvents and organic compounds are detected by GC. Various GC operating methods and columns (packed and capillary) such as fused silica (Stabilwax-DA), Innowax 19091N-133 (Agilent Technologies Inc.), capillary column SE-30 (Lanzhou Institute of Chemical Physics) and Porapak Q (80/100) (ALLTECH) have been used to measure the concentration of acetone, butanol, ethanol, butyric acid and acetic acid in the fermentation broths [12] - [16] . However, in all studies HPLC was required for quantifying sugars. HPLC cannot also be used straightforwardly for measuring the concentration of all components since butyric acid, acetone and ethanol have approximately the same retention time in HPLC chromatograms for most of the HPLC columns used to determine the concentration of alcohols and other components of the fermentation broths. Different HPLC methods (various column temperatures, mobile phase flow rates and different columns) have also been investigated to analyze solvents, organic acids and sugars present in the ABE fermentation broth. Although there are some studies where different HPLC methods were investigated, a precise method with specific methodology to quantify all desired components with a reasonable resolution does not yet exist. Moreover, there is still some controversy among the different results published in the literature. Aminex HPX-87H (300 × 7.8 mm, Bio-Rad) is one of the most common HPLC columns used to quantify the ABE fermentation broth compounds [17] - [22] .
Buday et al. [17] investigated different column temperatures to find the optimum temperature for this column to achieve an adequate separation of ethanol, acetone and butyric acid peaks. They found that at 60˚C ethanol and acetone peaks had exactly the same retention time and, by decreasing the temperature to a sub-ambient temperature of 14˚C, the peaks were separated but some overlap for acetone and butyric acid was still observed. Wang et al. [18] used the same column at 15˚C to detect all ABE fermentation broth components and they have found that this column worked only when it was completely clean and needed to be replaced after a few months when the chromatograms showed low resolutions. Finch et al. [19] also used the Aminex HPX-87H HPLC column at 30˚C to quantify the components present in ABE fermentation broths. However, in their paper they have not mentioned acetone as one of the components detected by this column and it seems they have measured the acetone concentration using another method. Cho et al. [20] also used the same HPLC column to investigate the effect of acetic and formic acid on ABE production in ABE fermentation. Although the same microorganism (Clostridium acetobutylicum) was used to produce butanol, they did not measure butyric acid in the fermentation broth as one of the intermediate products.
In a recent study, Kumar et al. [21] developed a methodology to quantify all of the ABE fermentation broth components using the Aminex HPX-87H HPLC column at 65˚C. They used a mathematical relationship between the areas and the heights of the peaks to predict the area under the overlapped peaks of acetone and butyric acid assuming the peaks as Gaussian curves. Although they obtained fairly precise results at low concen-trations of ABE compounds (up to 5 g/L), the underlying Gaussian curve assumption may not always be valid since the peaks in HPLC chromatograms could be asymmetric Gaussian peaks. Also, since the overlapped peaks are the summation of the two peaks, the height of each separated peak is not the same as the height of the same peak when a significant overlap with other peaks exists. The assumption used in their study would be valid when the widths of the peaks are equal; however, each peak in a HPLC chromatogram has usually a unique width. Therefore, if any of these assumptions are not valid, the correlation used to measure the concentrations of the components with close retention times (RT) having overlapped peaks would lead to incorrect concentrations [21] . Eurokat H Vertex column (300 × 8 mm, 10 µm, KNAUER, Germany) is another HPLC column used for ABE fermentation broth analysis. Setlhaku et al. [23] [24] used this column to quantify the components present in ABE fermentation broths. This column allows performing the HPLC at higher temperatures instead of sub-ambient temperature whereas Amines HPX-87H column for best performance could only operate at low temperatures. Setlhaku et al. [24] used this column at 80˚C and observed that although the RT of ethanol peak was different than the peaks of butyric acid and acetone, there was still a partial overlap between butyric acid and acetone peaks.
In the present study, a novel methodology is developed and used to quantify the main components present in ABE fermentation broths by HPLC using the asymmetric Gaussian fit to deconvolute the overlapped peaks and determine the coefficients of the equations representing separate peaks in order to calculate the area and subsequently the concentration of each component. This proposed method was used to quantify the pure component samples as well as the multi component samples to verify its accuracy and precision.
Materials and Methods

Materials
To prepare samples, n-butanol (99% pure, Acros), acetone (95% pure, Acros), n-butyric acid (99% pure, Acros) and 99% pure ethanol, acetic acid, glucose and xylose, obtained from Fisher Scientific (Fisher Scientific Co., Fair Lawn, NJ, USA), were used. Deionized distilled water was used to prepare all model solutions. The software used to operate the HPLC was Breeze (Waters, Canada) and the mobile phase used was 0.01 N sulfuric acid with a flow rate of 0.8 mL/min. The temperature of the column was kept at 85˚C.
Equipment Specifications
The HPLC used in this study was purchased from Waters, Canada. The detector, pump and autosampler were Refractive Index Detector (Waters 2414), Isocratic HPLC pump (Waters 1515) and Autosampler (Waters 717 plus), respectively. To heat the column to the desired temperature, an external column heater was used. The column used in this study to detect ABE solutions was the Vertex column (300 × 8 mm, KNAUER, Germany) packed with Eurokat H, 10 µm.
The gas chromatograph (GC) used in this study was purchased from chromatographic specialties (SRI Instrument, Brockville, Canada). The GC is equipped with a flame ionized detector (FID). A Stabilwax column, 30 M × 53 MM, 1 µm w/5 M Integra-guard (Restek, purchased from Chromatography Specialties, Brockville, Canada) was used to analyse acetone, ethanol, butanol, acetic acid and butyric acid in model solutions and ABE fermentation broths. Nitrogen and zero air were used as the carrier gas and ignition gas for flame, respectively. The column temperature was 40˚C when the samples were injected and this temperature was kept for 2 minutes and then increased to 200˚C with the rate of 20˚C/min. The injector and FID detector temperatures were 250˚C and 110˚C, respectively.
Fermentation Experiments
The microorganism used in this study to produce butanol was Clostridium acetobutylicum ATCC 824 purchased from American Type Culture Collection (ATCC). The bacterium was stored at 4˚C in the form of spores in Reinforced Clostridium Medium (RCM) purchased from Sigma-Aldrich Canada. To revive the bacteria, heat shock at 80˚C for 10 minutes followed with cooling in ice for one minute was used. The revived bacteria were kept at 37˚C in roller incubator for 48 hours. The revived bacteria were used to inoculate the fermenter. 
Methods
To quantify the concentrations of each component in ABE solutions, HPLC was used to separate as well as possible all components present in tested samples. The HPLC chromatogram includes different asymmetric Gaussian curves, one for each component. The area under each asymmetric Gaussian curve is related to the concentration of the components in the sample. To properly quantify each component of the fermentation broth, it is necessary to determine the underlying relationship relating the concentration and the area under the asymmetric Gaussian curve. This relationship, which is a linear and referred to as the standard calibration curve, was determined experimentally in the present study. However, due to the characteristics of components leading to similar retention times, some conflicts may occur between the different peaks in the HPLC chromatograms. For the peaks that are conflicting with each other, a computer program, written in MATLAB using an asymmetric Gaussian curve represented by Equation (1), was used to fit the raw data of each peak of the HPLC chromatogram. This equation was fitted to the experimental data either for completely separated peaks or for the overlapped peaks using an equation comprised of the summation of two or three asymmetric Gaussian curves with specific coefficients that were obtained by minimizing the sum of squares of the errors between the experimental and predicted data. In the program, the overlapped peaks were detected, the parameters of each asymmetric Gaussian curve were determined and, using the particular coefficients of the asymmetric Gaussian curve associated to each peak, the area underneath the curve was calculated. Then, using the standard calibration curve of each component, the concentration was estimated. The asymmetric Gaussian curve used in the program was:
where y is the voltage (mV), t is the time (min) and a, b, c and d are the parameters related to the area, retention time (RT), width and exponential damping terms of the peak. For the overlapped peaks, the summation of two or three asymmetric Gaussian curves (Equation (1)) was used. To calculate the area under each peak, the four model parameters (a, b, c and d) were determined for each peak (eight parameters for two and twelve parameters for three overlapped peaks).
Results and Discussion
HPLC Optimum Operating Conditions
To test the HPLC performance with the Vertex column, the first step was to test each component in a binary aqueous solution to determine the retention time (RT) of all components that will be present in the HPLC chromatogram. Since the retention time of a component depends on the mobile phase flow rate and the column temperature, different values of these two operating variables were tested to find the best operating conditions for the analysis of ABE model solutions. For ABE model solutions, the peaks of butyric acid, acetone and ethanol usually have partial conflicts or are totally overlapped. It is therefore important to find the optimum mobile phase flow rate and column temperature to have minimum conflict between the peaks of these three components. Different mobile phase flow rates (0.3, 0.4, 0.5, 0.8, 0.9 and 1 mL/min) and column temperatures (65˚C, 80˚C, 85˚C, 87˚C, 90˚C) were tested to find the best operating conditions to perform this analysis. Figure 1 shows the results of these experiments. As it can be observed, at 65˚C and 0.5 mL/min, there is major overlapping at elution time between 29 and 31 min (Figure 1(a) ). Increasing the temperature to 80˚C and decreasing the flow rate to 0.3 mL/min, although the three peaks were detected, the peaks were still overlapping with each other (Figure 1(b) ) and similar results were observed at the same temperature for 0.5 and 0.8 mL/min (Figure 1(c) and Figure 1(d) ). Therefore, the flow rate was kept at 0.4 mL/min and the temperature was increased to 85˚C and still the first two peaks of those three components were not detected separately as two peaks (Figure 1(e) ) so the flow rate was increased to 0.8 mL/min at the same temperature and this time it was observed that the overlapped peaks could be detected with a higher resolution (Figure 1(f) ). This was the best possible result since by increasing the flow rate to 0.9 or 1 mL/min or the temperature to 90˚C, the conflicts between the peaks increased (Figure 1(g) and Figure 1(h) ). Thus the optimum operating conditions for HPLC was selected to be at a flow rate of 0.8 mL/min and 85˚C as the column temperature. 
Standard Solution Analysis
Standard solutions were prepared at different concentrations (0.5, 1, 5, 10, 15 and 20 g/L) to obtain both the RT of each component as well as to determine the area of the peaks at different known concentrations. The results showed that all components were eluted in the following order in increasing RT: glucose, xylose, acetic acid, butyric acid, acetone, ethanol and butanol. The retention times for all components are shown in Table 1 . It was confirmed that the peaks with conflicts are butyric acid, acetone and ethanol having very close retention times. It was also observed that glucose and xylose peaks have also partial overlaps. Using these results (peak areas and the corresponding concentrations), standard calibration curves for each component were plotted separately. Figure 2 shows the standard curves estimated using both the results of the HPLC software and the computer program. In each graph, the HPLC raw data (voltage vs time) were analyzed with both the HPLC software (Breeze) and the computer program to calculate the area of the peaks. Using regression with both slope and intercept errors, standard calibration curves were plotted and the equations relating the peak area ( ) mV s × to the component concentration (g/L) were obtained. Table 1 shows the retention times, the standard calibration equations, and the coefficients of determination of the different compounds obtained by both the HPLC software and the proposed method. Two or three repeats were performed for each experiment and the average value was used to obtain the regression equation (Table 1 ). Slight differences in the slope of the standard calibration curves obtained by HPLC and the computer program were observed and this might be due to the small bumps after each asymmetric Gaussian peak in HPLC chromatograms that are considered. HPLC software considers these bumps in the area calculation whereas, in the computer program these tailings, were neglected.
Standard Calibration Curve Validation
The next step was to validate the standard calibration curves using test samples with known concentrations of each compound. Two binary aqueous solutions of 10 g/L of each component were prepared and the HPLC raw data were used to calculate the area of the peaks and the concentrations using both the HPLC software and the MATLAB program. Table 2 shows the results of this comparison. As it can be observed, the concentrations estimated by the computer program are very similar to the ones calculated by the HPLC software and even closer to the concentrations of the test solutions. The standard error of the estimate for using the HPLC and proposed computer program was 0.44 and 0.19, respectively. Thus, the results confirmed that the standard calibration curves, calculated using the MATLAB program, were more accurate.
Validation of the Method
To validate the proposed method based on the HPLC performance, the limit of detection (LOD), limit of quantification (LOQ), repeatability, intermediate precision and reproducibility were considered [25] [26] . Five different solutions with different concentrations between 0.5 and 20 g/L (0.5 -30 g/L for butanol) were prepared for each component to determine the LOD and LOQ. 3 and 10 were the signal to noise ratio considered for these parameters. The LODs were 0.29, 0.4, 0.12, 0.27, 0.15 and 0.07 g/L for butanol, acetone, ethanol, butyric acid, acetic acid, glucose and xylose, respectively. The LOQ calculated for butanol, acetone, ethanol, butyric acid, acetic acid, glucose and xylose were 0.96, 1.35, 0.42, 0.95, 0.9, 0.52 and 0.23 g/L, respectively. The ranges of LOD and LOQ showed that HPLC has the adequate sensitivity toward the components present in the ABE fermentation broths. Repeatability, intermediate precision and reproducibility were determined based on three different sets of samples. To determine the repeatability, the samples were analysed in the same day and the time between the samples analysis was short. To determine the intermediate precision of the proposed program, samples were analysed in different days to have a few days gap between each sample. And to determine the reproducibility, the samples were analysed using a different set of standard curves (the standard curves obtained by HPLC soft-ware). Both area and the retention time of each component (six samples with same concentration) were considered to evaluate the repeatability, intermediate precision and reproducibility. The results (Table 3) showed that for the retention time the repeatability, intermediate precision and reproducibility were less than 0.99%, 0.93% and 1.4% (coefficient of variation (CV) value), respectively. These values changed to 3.96%, 3.66% and 3.24% for the repeatability, intermediate precision and reproducibility for the peak are, respectively. Therefore, these CV values confirmed that the HPLC operation is pretty accurate and the proposed method using the computer program can be used to analyse the ABE fermentation broth samples.
To be able to use the computer program to separate the overlapped peaks in multi component solutions it was necessary to ensure that the peaks were not correlated. This implies that changing the concentration of one component does not affect the peaks of other components, especially for the peaks that are overlapping. To study the characteristics of the overlapped peaks (butyric acid, acetone and ethanol) in order to track the changes of peak shapes in different cases, a series of experiments were performed using model solutions containing all seven components. In these experiments, the concentrations of two of the three components with overlapped peaks were kept constant and the concentration of the third component was changed to observe the changes of the peaks for the concentration of the other two compounds. The results showed that the peaks are not correlated and changes in each peak are independent of the other overlapped peaks. Results of this analysis are shown in Table 4 . Similar experiments were performed to test the computer program for quantifying the glucose and xylose peaks. Results showed that these two peaks are also not correlated and the changes in the concentration of each component do not affect the peaks of other components ( Table 5 ).
Figure 3 also shows the overlapped peaks of HPLC chromatogram for the components (butyric acid-acetoneethanol and glucose-xylose) that are conflicting. The dotted lines represent the data from HPLC program and the lines with light color is the asymmetric Gaussian curves, fitted to the overlapped peaks and the lines with dark color shows the peaks separated from the overlapped peaks, plotted with the determined coefficients estimated by the computer program (Figure 3) .
As the final step, three different ABE model solutions with approximately the same concentrations were prepared and the data of the HPLC chromatograph were used to validate the estimates obtained with the computer program. Table 6 shows the results of the analysis obtained using the computer program to calculate the concentrations of all seven components present in the ABE model solutions.
Solutions with known concentrations of butanol, acetone, ethanol, acetic acid and butyric (around 4 g/L of each)were also prepared to compare the analysis of the same sample with GC and the HPLC. The concentrations obtained by the GC were 3.9, 3.98, 3.96, 4.3 and 4.13 g/L for acetone, ethanol, butanol, acetic acid and butyric acid, respectively. The same sample was injected to HPLC and the concentration detected for acetone, ethanol, butanol, acetic acid and butyric acid were 3.98, 4.1, 4.03, 4.5 and 4.16, respectively.
Finally the real fermentation broth was used to test the proposed method and the concentrations obtained for acetone, ethanol, butanol, acetic acid and butyric acid were obtained as 5.37, 0.55, 10.1, 0.6 and 0.2 g/L, respectively. These results were validated with GC analysis and the concentrations of acetone, ethanol, butanol, acetic acid and butyric acid were 5.15, 0.8, 9.6, 0.68 and 0.09, respectively. Table 4 . Concentrations of the solutions used for the validation of Equation (1) using different combinations of concentrations for butyric acid, acetone and ethanol. Results of this study showed that the computer program is able to deconvolute overlapping component peaks and to provide accurate estimates of the concentrations of the ABE components in a model solution. However, there are still some issues that remain to be investigated to develop a more accurate and precise program. One of the issues is the tailing of the peaks which is related to the mechanism of component separation in the HPLC column. Each component has a specific adsorption-desorption mechanism based on the HPLC column packing material and this mechanism determines the retention time of that specific component. When two or three com-ponents have similar or close retention times, they move together very closely along the column and this affects the shape of their peaks in the final chromatogram. Thus, although it is possible to deconvolute the peaks, each peak has a different shape than the one for pure components due to interactions between different components. This phenomenon will cause errors in the results of peak de convolution and the precision of the final concentration as measured by the computer program, will certainly be affected. However, in the ranges tested in the present study, the errors were not significant but it is still recommended to perform a more comprehensive investigation to develop an integrated program to obtain more accurate and precise results.
Conclusion
A method has been developed to better analyze the overlapping peaks in ABE solutions using HPLC. Due to very similar retention times of butyric acid, acetone and ethanol and also the close retention times of sugars (glucose and xylose) present in ABE fermentation broths, there are several peaks with conflicts in the HPLC chromatograms. This poses a significant challenge to determine the area of each peak and to quantify the corresponding concentrations. In this study, optimum operating conditions for the Vertex column, Eurokat H (300 × 8 mm, KNAUER, Germany) were found for ABE solution analysis (mobile phase flow rate of 0.8 mL/min and the column temperature of 85˚C) to ensure that the peaks have minimum conflicts. Using asymmetric Gaussian curves, according to the characteristics of the peaks (being additive and not correlated) and linear regression in plotting the standard calibration curves, a program was written to fit the raw data from HPLC chromatograms to asymmetric Gaussian equations. Achieving an excellent fit, the program was able to determine the coefficients of the equations of each peak separately and to calculate the area of the curve. The standard calibration curves were validated by testing different samples of the components in binary and multi component aqueous solutions with known concentrations. Results show that this method is fairly accurate for ABE solution analysis but still needs some improvements to address some issues such as considering the different shapes of tailings of the peaks in order to make the program even more precise.
